Membrane and secretory proteins can be co-translationally inserted into or translocated across the membrane 1 . This process is dependent on signal sequence recognition on the ribosome by the signal recognition particle (SRP), which results in targeting of the ribosome-nascent-chain complex to the protein-conducting channel at the membrane 2,3 . Here we present an ensemble of structures at subnanometre resolution, revealing the signal sequence both at the ribosomal tunnel exit and in the bacterial and eukaryotic ribosome-SRP complexes. Molecular details of signal sequence interaction in both prokaryotic and eukaryotic complexes were obtained by fitting high-resolution molecular models. The signal sequence is presented at the ribosomal tunnel exit in an exposed position ready for accommodation in the hydrophobic groove of the rearranged SRP54 M domain. Upon ribosome binding, the SRP54 NG domain also undergoes a conformational rearrangement, priming it for the subsequent docking reaction with the NG domain of the SRP receptor. These findings provide the structural basis for improving our understanding of the early steps of co-translational protein sorting.
Membrane and secretory proteins can be co-translationally inserted into or translocated across the membrane 1 . This process is dependent on signal sequence recognition on the ribosome by the signal recognition particle (SRP), which results in targeting of the ribosome-nascent-chain complex to the protein-conducting channel at the membrane 2, 3 . Here we present an ensemble of structures at subnanometre resolution, revealing the signal sequence both at the ribosomal tunnel exit and in the bacterial and eukaryotic ribosome-SRP complexes. Molecular details of signal sequence interaction in both prokaryotic and eukaryotic complexes were obtained by fitting high-resolution molecular models. The signal sequence is presented at the ribosomal tunnel exit in an exposed position ready for accommodation in the hydrophobic groove of the rearranged SRP54 M domain. Upon ribosome binding, the SRP54 NG domain also undergoes a conformational rearrangement, priming it for the subsequent docking reaction with the NG domain of the SRP receptor. These findings provide the structural basis for improving our understanding of the early steps of co-translational protein sorting.
Elongation-arrested Escherichia coli 70S ribosomes were purified from an in vitro translation system 4 . As a nascent chain we used the first 102 amino acid residues of the membrane protein FtsQ, which contain a single transmembrane segment serving as an SRP-dependent signal sequence 5 . Purified 70S ribosome-nascent-chain complexes (RNCs) were reconstituted with recombinant SRP and subjected to structure determination by cryo-electron microscopy and single-particle analysis. To reach subnanometre resolution, sorting of the data sets 6 was necessary. The structure of a 70S RNC carrying a signal sequence was reconstructed at 9.1 Å resolution from particles that were combined after sorting on the basis of the presence of P-site tRNA and the absence of a ligand. The reconstruction showed the expected P-site peptidyltRNA and, in addition, an elongated density located directly at the ribosomal tunnel exit site (Fig. 1a, b) . This density is not present in comparable reconstructions at 9 Å resolution 7 such as that of a stalled E. coli 70S ribosome without a nascent chain (Fig. 1c) . Because extended peptide chains would hardly be resolved at the present resolution, this density most probably represents the signal sequence of FtsQ in an a-helical conformation, which it might already have adopted in the ribosomal tunnel 8, 9 . The density is in contact with a protruding hairpin structure of ribosomal protein L24p. It is also in the immediate vicinity of the rRNA helices 59 and 24, and the proteins L23p and L29p (Fig. 1d) the signal sequence confers some flexibility at this site. Targeting factors or chaperones can easily interact with the signal sequence in its exposed position. Because SRP can interact with signal sequences in nascent chains of various lengths 10, 11 , the observed site could serve as a parking position at the tunnel exit where signal sequences are retained for recognition by SRP 12 . The reconstruction of the E. coli 70S RNC-SRP complex at 9.4 Å revealed a large density at the tunnel exit representing SRP (Fig. 2a-c) . As a result of conformational heterogeneity and imperfect occupancy, the local resolution of the SRP is somewhat lower than that of the ribosome (9.5-12 Å ). The elongated portion showed a helical twist, with the major and minor groove representing 4.5S RNA of SRP. Attached to it is the SRP54 (Ffh in E. coli) by means of its wellresolved M domain 13 and, barely visible at subnanometre resolution, the SRP54 NG domain. It seems to have some freedom to move and is clearly visible only after the application of a low-pass filter, reducing the information to about 13 Å (Fig. 2b) . We docked available highresolution X-ray data 13, 14 into the density and flexibly adjusted minor parts to build a molecular model of ribosome-bound E. coli SRP. Although the RNA of the X-ray data is truncated at loop C, we can follow it until loop E. Notably, the visible part of the 4.5S RNA has a kink of about 30u formed by the helix around nucleotide 72 next to loop C (Fig. 2c, f) . Some flexibility may be provided by loop C in the RNA, and total loss of density after loop E indicates that the latter serves as a very flexible hinge 15 . Although E. coli SRP is positioned a few ångströms closer to the ribosome than is the mammalian SRP, 4, 16 . The SRP54 NG domain interacts through the N domain with the L23p/L29p adaptor site, and the SRP54 M domain interacts with ribosomal RNA helices 24, 59 and 50. As in the eukaryotic system, the M domain might also interact with L22p (rpL17 in yeast). An entirely new contact is established between L24p and the finger loop of the SRP54 M domain (Fig. 2d) , resembling the L24p contact between ribosome and TF 17 . In a similar manner to connection 4 of mammalian SRP, the SRP RNA forms a contact around nucleotide 75 in loop C of the 4.5S RNA with positively charged residues of the ribosomal protein L18p and probably also with the carboxy terminus of L17p (Fig. 2b, e) . We also observed density for the linker helix connecting the M domain with the NG domain of SRP54. It is in contact with a-helix 1 and the finger loop of the SRP54 M domain as well as with the NG domain, thus efficiently coupling the signal-sequence-binding domain with the GTPase domain of SRP54 as described 18 . Notably, additional density is present in the hydrophobic groove of the SRP54 M domain (Fig. 2d) , which has previously been suggested as the main signal-sequence-binding site of SRP 19 . This density, thus very probably representing the signal sequence, was observed in a position that in unbound SRP is occupied by a part of the finger loop of the SRP54 M domain. This may serve as a pseudo-substrate in the absence of a signal sequence. Because we observed only weak density for the rearranged finger loop in the RNC-SRP complex, we concluded that it does not rearrange into a distinct conformation after being pushed out of the hydrophobic groove. Although the density for the signal sequence is not reaching down to the backbone of the SRP RNA, because of possible flexibility we cannot exclude an interaction with RNA 13 . The position of the signal sequence in the RNC-SRP complex is very similar to that of the ligand-free RNC-bound signal sequence (Fig. 3) . Only its contact with L23p was lost in the RNC-SRP reconstruction, explaining the loss of crosslinks between L23p and the FtsQ signal sequence after SRP binding 5 . The interaction of SRP with the ribosomal adaptor site L23p/L29p may trigger the dissociation of the signal sequence and, concomitantly, the interaction of L24p with the finger loop of the SRP54 M domain may contribute to the opening of the hydrophobic groove so that the signal sequence can glide into it (Fig. 2d) . However, for switching from the ribosome-bound state to the SRP-bound state the signal sequence has to move very little: SRP54 is merely locking it in by providing a matching hydrophobic environment directly at its exposed position at the tunnel exit.
We improved the cryo-electron microscopic structure of the 80S RNC in complex with the mammalian SRP 4 to a resolution of 8.7 Å (Fig. 4a) . Although the local resolution of the SRP S domain is estimated to be in the range 9.5-11.5 Å , the density permitted the fitting of a molecular model for SRP54 based on a-helical secondary structure. In a very similar manner to the 70S RNC-SRP complex, docking of the M domain of mammalian SRP54 revealed additional density in the hydrophobic groove, representing the bound signal sequence (Fig. 4b, c) . In comparison with the M domain in unbound SRP, the engaged M domain is rearranged when accommodating the signal sequence: the a-helix 1 is rotated upwards while still keeping the contact to the repositioned linker helix, which might involve the 'greasy slide' proposed earlier 14 . In this way the groove is formed by a-helices 1, 2 and 5, the finger loop and the linker helix. Contacts were also established between the linker helix and the finger loop, and between the G domain and a-helix 2 of the M domain. These contacts may contribute to the communication between the M and G domains of SRP54.
In comparison with the bacterial SRP54 subunit, the mammalian protein has a C-terminal extension of the M domain of about 70 amino acids, which is predicted to adopt a primarily a-helical secondary structure. Using protein threading we created a molecular model of this C terminus that could be fitted into the remaining density with only very minor modifications (Fig. 4d) . It wraps around the ribosomal rRNA helix 59 and reaches up towards the tunnel exit, also interacting with ribosomal rRNA helix 50. In this position the C terminus confines the hydrophobic groove on one side and is very likely to contribute to the interaction of the SRP54 M domain with the signal sequence.
The overall geometry of the refitted SRP54 N domain 14 , in particular a-helices 2 and 4, properly filled the density, but with a-helices 1 and 3 partly shifted outside (Fig. 4e, f) . When using the N domain of SRP54 NG involved in the twin structure with the NG domain of the SRP receptor 20, 21 , it became evident that here a-helix 3 fits better, but a-helix 1 is delocalized and a-helix 4 no longer fits as a result of a rotation. This indicates that the N domain of SRP undergoes a conformational switch upon ribosome interaction, which leads to an arrangement of a-helices 2 and 3 very similar to the conformation observed in the NG twin structure. These two helices and their connecting loop include the highly conserved 'ALLEADV' motif that is involved in the interface between the two NG domains in the NG twin 20, 21 . Thus, high-affinity ribosome binding seems to prime this part of the NG domain for the subsequent interaction with the SRP receptor. The reorientation of a-helices 1 and 4 of the SRP54 N domain after NG twin formation may explain how the interaction with the SRP receptor triggers dissociation of the SRP54 NG domain from its ribosomal binding site 22 . Moreover, when adjusting the angle between the N and G domains of SRP54 we observed that the angle is very similar to that observed in the NG twin structure (Fig. 4g) . Rearrangement from the monomeric to the NG twin conformation requires a rotation of about 30u; a rotation of about 25u already takes place when switching to the ribosome-bound conformation, which may also contribute to the regulation of the affinity for GTP. The entire conformation of the SRP54 NG domain is therefore rearranged on the ribosome such that it is primed for the interaction with the NG domain of the SRP receptor.
Although the resolution of the NG domain is not as good, these observations are consistent with the structure of the bacterial system. When the 70S RNC-bound SRP and the 80S RNC-bound SRP are superimposed (Fig. 4h, i) , it is evident that these systems are extremely similar in their overall conformation. This indicates a high degree of structural and functional conservation, which is underlined by the fact that in vitro the mammalian targeting system can be functionally replaced by the bacterial one 23 . 
